Ecological speciation is a common mechanism by which new species arise. Despite great efforts, the role of gene expression in ecological divergence and speciation is poorly understood. Here, we conducted a genome-wide gene expression investigation of two Oryza species that are evolutionarily young and distinct in ecology and morphology. Using digital gene expression technology and the paired-end RNA sequencing method, we obtained 21,415 expressed genes across three reproduction-related tissues. Of them, approximately 8% (1,717) differed significantly in expression levels between the two species and these differentially expressed genes are randomly distributed across the genome. Moreover, 62% (1,064) of the differentially expressed genes exhibited a signature of directional selection in at least one species. Importantly, the genes with differential expression between species evolved more rapidly at the 5 0 flanking sequences than the genes without differential expression relative to coding sequences, suggesting that cis-regulatory changes are likely adaptive and play an important role in the ecological divergence of the two species. Finally, we showed evidence of significant differentiation between species in phenotype traits and observed that genes with differential expression were overrepresented with functional terms involving phenotypic and ecological differentiation between the two species, including reproduction-and stress-related characteristics. Our findings demonstrate that ecological speciation is associated with widespread and adaptive alterations in genome-wide gene expression and provide new insights into the importance of regulatory evolution in ecological speciation in plants.
Introduction
The importance of the regulation of gene expression in biological function and phenotypic diversity was proposed more than 40 years ago (Britten and Davidson 1969; King and Wilson 1975) and has been convincingly demonstrated by numerous studies involving a variety of model organisms (Carroll 2008; Fraser 2011; Romero et al. 2012) . Despite these great efforts, several key questions regarding the role of gene expression in evolutionary processes remain unanswered. One of the most contentious issues is the relative contributions of regulatory and coding sequence evolution in generating morphological novelty and adaptive divergence. Some authors have proposed that changes in gene regulation had a dominant role in or were the primary drive of the evolution of plant and animal forms (e.g., Doebley and Lukens 1998; Carroll 2008) . However, this greater emphasis on gene regulation rather than gene structure has been questioned given the limited empirical evidence available (Hoekstra and Coyne 2007) . In particular, no consensus has been reached regarding the relative contribution of gene regulation at the genome level despite many valuable attempts (e.g., Wittkopp et al. 2008; Fraser 2011; He et al. 2012; Renaut et al. 2013; Williamson et al. 2014) .
The way in which natural selection acts on the evolution of gene expression, specifically the fraction of genes whose expressions change under positive selection, is another challenging question and has received far less attention until recently (Khaitovich et al. 2004 (Khaitovich et al. , 2005 Gilad, Oshlack, Rifkin 2006; Holloway et al. 2007; Blekhman et al. 2008; Fay and Wittkopp 2008; Fraser 2011; Romero et al. 2012) . Uncovering the relative influences of drift versus natural selection on gene expression helps to answer whether changes in gene expression are adaptive and thus play an important role in species divergence and adaptation (Fraser 2011; Romero et al. 2012) . Although it is appreciated that the expressions of the majority of genes in a genome evolve under selective constraint (the action of stabilizing selection) (Khaitovich et al. 2006; Somel et al. 2009; Blekhman et al. 2010; Romero et al. 2012) , it remains difficult to determine the fraction of genes whose expressions are subject to positive selection (Fraser 2011; Romero et al. 2012) .
Speciation is one of the most fundamental aspects of evolutionary biology, and the importance of ecology in speciation has been well appreciated (Schluter 2009; Wolf, Lindell, et al. 2010; Nosil 2012) . A growing body of evidence from laboratory and field studies has shown that ecological divergence and speciation is a common means by which new species arise (Abbott and Comes 2007; Schluter 2009; Nosil 2012 ). To date, extensive studies have been conducted on the genetic basis of ecological speciation, primarily using quantitative trait locus (QTL) and candidate gene approaches (Rogers and Bernatchez 2007; Via and West 2008; Schluter 2009 ). Several studies have successfully isolated and characterized specific candidate genes in key tissues or life stages of ecologically divergent species and demonstrated that changes in gene expression were indeed involved in the process of speciation (Tautz 2000; Wittkopp et al. 2008; Chan et al. 2010; Jones et al. 2012; Nosil 2012; Hanikenne et al. 2013 ). However, the relative contributions of regulatory and coding sequence evolution to ecological divergence and the role of positive selection on ecological speciation remain controversy (Pavey et al. 2010; Fraser 2011) due to lack of genome-scale investigation. Although numerous studies have been undertaken on the expression (transcriptome) variation and evolution in plants using genomic approaches (e.g., Lai et al. 2008; SwansonWagner et al. 2012; Koenig et al. 2013; Yang and Wang 2013) , the genome-wide pattern and role of expression variation in ecological speciation are still poorly understood for plant species.
The wild progenitors of rice, Oryza nivara and O. rufipogon, offer a unique opportunity for studying adaptive divergence and ecological speciation (Grillo et al. 2009; Zheng and Ge 2010) . These two species are the most closely related species in the rice genus and were collectively regarded as the wild progenitors of cultivated rice (O. sativa) (Kovach et al. 2007; Sang and Ge 2007) . They are largely sympatric or parapatric (co-occur) in distinct habitats across South and Southeast Asia. The perennial O. rufipogon inhabits deep-water swamps and is characterized by its tall stature, a mixed mating system, photoperiod sensitivity (late flowering), and profligate vegetative reproduction, whereas the annual O. nivara, which is characterized by its short stature, predominant self-fertilization, and photoperiod insensitivity (early flowering), adapts to the seasonally dry habitat and allocates greater resources to sexual reproduction (Morishima et al. 1984; Grillo et al. 2009; Banaticla-Hilario et al. 2013) . Despite these, the two species are cross-compatible (Lu et al. 2000) and exhibit little interspecific genetic differentiation (Barbier et al. 1991; Cai et al. 2004; Zhu et al. 2007; Zheng and Ge 2010) . These observations, in conjunction with the hypothesis that O. nivara arose from O. rufipogon populations recently (approximately 0.16 million years ago) (Zheng and Ge 2010) , suggest that O. nivara and O. rufipogon are two incipient species at the early stage of speciation. Particularly, given that O. nivara and O. rufipogon are direct ancestors of cultivated rice (O. sativa), we are able to fully use the genetic and genomic information available for rice to study gene expression evolution using genome-wide approaches.
Recent development of high-throughput sequencing technologies allowed simultaneous detection of expression of thousands of genes across different organs and tissues, and offers powerful tools to address the important roles of gene regulation in ecological speciation at the genome level (Ranz and Machado 2006; Fraser 2011; Romero et al. 2012) . Upgraded from previous massively parallel signature sequencing technology (Brenner et al. 2000; Iandolino et al. 2008 ), Illumina's digital gene expression (DGE) platform has distinct advantages over array-based gene-expression analysis technologies (Morrissy et al. 2009; Eveland et al. 2010) . In this study, we used DGE technology, in conjunction with paired-end RNA sequencing (RNA-Seq) method, to conduct whole transcriptomic sequencing of three reproductionrelated tissues from O. rufipogon and O. nivara. First, we investigated the extent to which the overall gene expressions differ between O. rufipogon and O. nivara across the genome. Specifically, we asked how many genes are significantly differentially expressed between the two species and whether the changes in noncoding regions are more important than changes in coding regions during their ecological divergence. Second, we were interested in asking whether gene expression divergence between the two species is adaptive, and what role positive selection plays in such expression divergence. Finally, in conjunction with characterization of phenotypic variation of major traits of the two species, we explored whether differentially expressed genes are functionally associated with phenotypic divergence and thus involved in the formation of new species. These studies provide new insights into the role and importance of regulatory evolution in ecological speciation in plants.
Results

Identification of Adaptive Phenotypic Traits
To characterize the morphological differences between species and identify the major traits involved in species divergence, we phenotyped 60 samples (supplementary table S1 , Supplementary Material online) that present characteristic O. rufipogon and O. nivara morphology. We also sequenced 10 neutral genes for the 60 samples to estimate the genetic diversity within the two species and genetic divergence between species (supplementary table S2, Supplementary Material online). Based on analysis of variance (ANOVA) and 2 test, we found that, out of 24 morphological characters, 6 qualitative and 4 quantitative traits showed significant differentiation between species (table 1) . Principal component analysis (PCA) of phenotypic traits indicates that most of the samples are organized in two distinct groups corresponding to the two species ( fig. 1a) . In contrast, samples from two species largely overlap based on PCA of sequences of ten neutral genes ( fig. 1b) , consistent with previous studies that little genetic divergence exists between the two species (Zhu et al. 2007; Zheng and Ge 2010) .
We further conducted the Q ST -F ST comparison to address whether natural selection has played a role in the phenotypic divergence between species. Based on sequences of ten neutral genes, we obtained an F ST value of 0.2065 (table 1) , except for leaf color in which the lower limit of 95% confidence interval overlaps with F ST value ( fig. 1c ). Although our design does not allow a robust interpretation of Q ST measures, we note that most of these traits are involved in ecological adaptation of the derived species O. nivara to new environment, including six reproduction-related traits (anther length, attitude of branches, attitude of main axis, filament type, panicle length, and peduncle length) and three habitatpreference traits (the length, diameter, and habit of culm) (table 1) .
DGE Tag Mapping and Expression Variation Pattern
Thirty-six DGE tag libraries from three tissues, that is, flag leaves at the heading stage (L), panicles at the heading stage (H), and panicles at the flowering stage (F), obtained from multiple individuals of O. rufipogon and O. nivara were sequenced on the Illumina GA platform (supplementary table S1, Supplementary Material online). In total, we generated approximately 138 million high-quality 21-bp DGE tags (supplementary table S3 , Supplementary Material online), with 98.4% and 86.6% of the tags being mapped to the japonica genome and its annotated gene models, respectively. Only 0.4% and 0.2% of the tags matched rice chloroplast and mitochondrial genome sequences, respectively. The nonmapped tags are likely to arise from sequence errors or variations between cultivated and wild rice. Only tags uniquely mapped to the reference genome were used for gene expression analyses. In total, 83.9% and 76.1% of the tags were uniquely mapped to the japonica genome and its gene models, respectively.
Because the cultivated rice (japonica) was used as the reference genome, mapping bias should be taken into account in comparison of two wild species. If the two species under study are either distant unequally to the reference genome or distantly related to each other, mapping bias would arise severely. To assess the potential bias in tag mapping, we first calculated the p distance between the japonica genome and either O. nivara or O. rufipogon using single nucleotide polymorphism (SNP) data (Xu et al. 2012) . We found that the average distances of O. nivara and O. rufipogon to japonica genome are not significantly different (0.0032 vs. 0.0030, t-test P value = 0.142). We then calculated the mapping rates of DGE tag of O. nivara and O. rufipogon to the reference (japonica) genome, and found that the mapping rates of the two species are almost the same (98.42% and 98.37%). These results, in conjunction with low genetic divergence between the two species (Zhu et al. 2007; Zheng and Ge 2010) , suggest that the impact of mapping bias is trivial (if any) in our analyses. In total, 21,415 (37.16% of 57,624) rice genes were detected with effective expression, of which 21,253 (99.2%) were expressed in both species (supplementary fig. S1a , Supplementary Material online), reflecting an overall similarity in the genetic repertoires of the two species. Of these genes, 3,122 (14.6%) exhibited tissue-specific expressions (supplementary fig. S1b , Supplementary Material online). To examine the pattern of gene expression variation across samples, we measured expression variation using the biological coefficient of variation (BCV), which is estimated as the square root of the common dispersion from all the expressed genes by edgeR (McCarthy et al. 2012 ). The BCVs of biological replicates within species were 65.7%, 66.1%, and 65.7% for three tissues, respectively, in agreement with previous observations of large interindividual variation, consisting of both genetic and nongenetic components (Whitehead and Crawford 2006; McManus et al. 2010) . Based on a multidimensional scaling (MDS) analysis, we found that L was clearly separated from H and F, whereas H and F could not be separated easily (supplementary fig. S2a , Supplementary Material online). This pattern is expected because H and F were collected from the same type of tissues at different developmental stages. When applying the MDS analysis to the three tissues separately, we observed that the samples clustered according to batches (supplementary fig. S2b -d, Supplementary Material online), indicative of the batch effect. Within batches, most samples from the same species tended to cluster together, indicative of a species effect. To control the batch effect, we conducted MDS analyses for the first and second batch data sets separately and found that S4a , Supplementary Material online). By analyzing each batch separately, we found a significant increase in origin and species effects (supplementary fig. S4b and c, Supplementary Material online). These results indicate that it is important to use multifactor analysis to detect the species effect (Whitehead and Crawford 2006; Pavey et al. 2010; Romero et al. 2012 ).
Determination of Gene Expression Divergence
Based on the generalized linear model (GLM) likelihood ratio tests accounting for multiple factors, we found that 3.85%, 3.12%, and 5.38% of the expressed genes exhibited significantly differential expression between O. rufipogon and O. nivara (false discovery rate [FDR] < 0.05) in L, H, and F, respectively. In total, 1,717 genes (8.02% of all 21,415 expressed genes) differed significantly in at least one tissue (table 2). Note that tissue F exhibited more differentially expressed (DE) genes and higher between-species divergence in expression than L and H (table 2; . In addition, genes expressed in a single tissue exhibited the highest expression divergence, whereas genes expressed in all three tissues exhibited the lowest divergence ( fig. 2a) , consistent with the observation that expression divergence is negatively correlated with expression breadth for most genes (Khaitovich et al. 2005) .
Of the DE genes, 77.6% (1,332/1,717) were differentially expressed in a single tissue, whereas only 6.5% (112/1,717) were differentially expressed in all three tissues ( fig. 3a) . The significantly higher proportion of DE genes in a single tissue ( 2 test, P value < 2.2e-16) suggests that DE genes are tissuespecific. Specifically, F had the highest number of tissuespecific DE genes (683) and H the lowest (291) ( fig. 3a) . To test whether the DE genes form clusters in the genome, we mapped the physical positions of all DE genes across the rice genome and found that they were proportionately distributed along all 12 chromosomes ( 2 test, P value = 0.2329) ( fig. 3c ). We further detected regionally enriched chromosomal clusters using the program REEF (Coppe et al. 2006) and did not find significant clustering of the DE genes across the genome with window size ranging from 500 kb to 1 Mb with step size of 10 kb (FDR < 0.05). These results are inconsistent with the observation that genomic regions involved in ecological speciation might be nonrandomly distributed across the genome Whiteley et al. 2008 ).
Validation of Expression Divergence by RNA-Seq and Quantitative Reverse Transcription Polymerase Chain Reaction
The ability to detect differentially expressed genes is positively related to two factors, that is, the extent of expression divergence and expression level ). We used RNA-Seq data as the gold standard to assess how the two factors affect the accuracy of determining gene expression divergence by DGE technology and then to define the cutoffs of the two factors. By controlling different thresholds of gene expression level and expression divergence, we compared the log2-fold change values obtained from DGE technology with those of RNA-Seq data using the same sample pairs by Spearman's correlation analysis. We found that the correlation coefficients between RNA-Seq and DEG increased as the significance of expression divergence increased (supplementary fig.  S6 , Supplementary Material online). When P value < 0.01, the increase reached a plateau with a high correlation coefficient (~0.7). Thus, the threshold of differential significance (FDR control of 0.05) we used in our analyses is appropriate because this control corresponds to P value < 0.0015-0.003. In addition, we observed that genes with higher counts are more reliable (supplementary fig. S6 , Supplementary Material online), and thus removed the genes with low expression from further analysis. After close inspection of the raw data, we defined a gene as an effectively expressed gene if more than or equal to two of the 12 samples had at least 20 mapped reads for each tissue. Based on the two cutoffs (FDR control of 0.05 and expression level of 20), the correlation coefficients between fold changes obtained by RNA-Seq and DGE reached 0.89, confirming the accuracy of determining expression divergence by the DGE technology.
Using quantitative reverse transcription polymerase chain reaction (qRT-PCR) we further confirmed the expression patterns of 20 reproduction-and stress-related genes for which clear functional information exists (supplementary table S4, Supplementary Material online). We found a significant correlation between the fold change ratios derived from the DGE technology and those obtained using qRT-PCR (Spearman's correlation r = 0.9048, P value = 4.28e-8) (supplementary fig.  S7 , Supplementary Material online), supporting the validity of the expression measurements for wild rice species obtained using DGE technology and rice annotation. 
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Effect of Directional Selection on DE Genes
We investigated the intra-and interspecies patterns of both gene expression variation and sequence diversity to assess the effect of directional selection on DE genes. First, based on expression data, we used the ranking-based method to identify genes whose expression patterns are likely shaped by either stabilizing or directional selection (Gilad, Oshlack, Smyth, et al. 2006; Blekhman et al. 2008) . The genes likely under stabilizing selection were identified as having both low between-individual variance within species and no significant divergence between-species (non-DE genes (table 2) .
Second, because the above approaches rely mainly on the patterns of gene expression variation and provide indirect NOTE.-V b and V w , the averages of the between-species and within-species variances in expression levels across genes, respectively. The 95% confidence intervals for the selection index (SI) and e were obtained by bootstrapping across genes.
evidence of the causes of genome-scale expression evolution (Holloway et al. 2007 ), we integrated the genomic sequence data (4.34 million SNPs; Xu et al. 2012 ) to investigate whether directional selection acted on the regulatory (i.e., 5 0 flanking and 3 0 flanking) or coding sequences of DE genes. The regions with significantly reduced ratios of polymorphism to divergence (/D xy ) (i.e., falling in the lowest 5% tail of its distribution and having a permutation P value < 0.001) are considered having signatures of recent directional selection. We found that compared with non-DE genes, a significantly higher proportion of DE genes had reduced /D xy at the 5 0 flanking region (Fisher's exact test P value < 0.05) but not at the coding region for both species ( fig. 4 and supplementary table S6, Supplementary Material online), which is also confirmed by resampling test (P value < 0.05) (supplementary table S6, Supplementary Material online). These observations suggest that recent directional selection acted on the regulatory regions of the DE genes and highlight the importance of cis-regulatory evolution during ecological divergence of the two species.
Further, using a maximum-likelihood approach (Yang 2007) , we calculated the rates of protein evolution for all 21,415 expressed genes based on 4.34 million SNPs (Xu et al. 2012) to explore the association between expression and protein sequence evolution. We found comparable levels of protein evolution rate at the coding region between species for both DE and non-DE genes, as measured by dN/dS (median: 0.081 vs. 0.075, Wilcoxon Mann-Whitney test P value = 0.175). Moreover, in contrast to expression divergence, which differs among tissues and was negatively correlated with expression breadth (fig. 2a) , the tissue type or gene expression breadth did not influence the pattern of sequence divergence at the coding region ( fig. 2b  and c) .
Functional Characterization of the DE Genes
By exploring the annotated functions of the DE genes, we found that 20 Gene Ontology (GO) functional terms were significantly overrepresented with the DE genes (P value < 0.05) ( fig. 5 ). These significantly enriched terms involve two major functional groups: One group includes reproduction-related functions such as reproduction, reproductive processes, the development of reproductive structures, flower development and pollination; and the other consists of stress-related functions such as the response to stress, response to stimuli, and response to abiotic stimuli ( fig. 5 and supplementary table S7, Supplementary Material online). Specifically, of the terms significantly enriched with the DE genes, 57% (8 of 14) in L, 75% (3 of 4) in H, and 45% (5 of 11) in F belonged to the above two groups, which were significantly higher ( 2 test, P value < 0.05) than the proportions of the two groups of terms among all GO terms (17.5%).
The DE genes involving reproduction/flowering include the notable MADS-box genes, a gene family related to flower development and reproduction (Becker and Theissen 2003) . We found six MADS-box genes with significant expression divergence between species: OsMADS26, OsMADS15, OsMADS37, OsMADS63, OsMADS74, and OsMADS8 (supplementary table S8, Supplementary Material online). Another related gene family is the phosphatidyl ethanolamine-binding protein (PEBP) family, which promotes and suppresses flowering and controls plant architecture (Karlgren et al. 2011) . We found that 9 of 13 genes annotated to PEBP families in rice (seven FT-like, one MFT-like, and one FTL1) were expressed in the wild species, and interestingly 78% (7/9) of these genes were differentially expressed between species, including OsFTL1, OsFTL2, OsFTL3, OsFTL9, OsFTL12, OsMFT1, and OsTFL1. Two MYB genes (OsMYB5 and OsMYB8) and OsMST8 that regulate pollen development also showed significant expression divergence between species (Zhang et al. 2013 ) (supplementary table S8, Supplementary Material online). These observations are consistent with the analysis of phenotypic variation in which six out of ten morphological characters that differ significantly between species are reproduction-related traits ( fig. 1c and  table 1) .
The DE genes with stress-related function included many members of deeply investigated gene families, including 11 rice late embryogenesis abundant genes (drought 
Discussion
Most previous studies on gene regulation evolution have involved either distinct evolutionary lineages (e.g., Gilad, Oshlack, Smyth, et al. 2006; Blekhman et al. 2008; He et al. 2012; Yang and Wang 2013) or species for which speciation has been completed such as humans and chimpanzees (King and Wilson 1975; Khaitovich et al. 2005 ). In such cases, additional genetic differences between species have accumulated after the completion of the speciation event (Schluter 2009; Via 2009 ), complicating the investigation and interpretation of gene expression variation. To control potential biological and technical sources of variation in gene expression is also important because gene expression is shaped by both genetic and environmental factors and varies tremendously within individuals, among individuals, among tissues, and among populations or species (Whitehead and Crawford 2006; Pavey et al. 2010; Romero et al. 2012) . Here, we chose the two Oryza species that are in the early stage of speciation as a study system. By collecting samples grown in a controlled environment from multiple individuals, along with the GLM analysis accounting for multiple factors, we were able to reduce the impact of environmental variation, maximizing the likelihood of finding gene expression differences arising from species divergence.
Widespread Expression Differentiation between O. rufipogon and O. nivara across the Genome
Previous studies have found a wide range of variation in the proportions of DE genes between populations or closely related species (roughly 2-25%; Pavey et al. 2010) . In some extreme cases, the percentage of DE genes of all expressed genes was as low as 1% (the sympatric M and S forms of Anopheles gambiae; Turner et al. 2005 ) and as high as 78% (two Drosophila species; McManus et al. 2010 ). These studies involved populations or species in different stages of speciation and under various selection strengths and were conducted using different technologies (e.g., qRT-PCR, Microarray, and RNA-Seq) and methods of data analyses (Pavey et al. 2010; Nosil 2012) . Using genome-wide surveys, Swanson-Wagner et al. (2012) found that, out of the 18,242 genes profiled, about 3.3% showed significantly different expression levels between maize and its progenitor (teosinte), whereas Lai et al. (2008) detected that 5% of total genes showed significantly DE between wild and weedy sunflowers (Helianthus annuus). These studies demonstrated that artificial selection or human manipulation has substantial effects on evolution of gene expression. Here, we found that approximately 8% of all the expressed genes were significantly differentiated between species. Relative to plant domestication in which high intensity of artificial selection was imposed, expression divergence between the two Oryza species is noteworthy given the recent divergence and little genetic differentiation between the two species. In studies of two crow species (Cornus corone and C. cornix), Wolf, Lindell, et al. (2010) found an almost complete lack of sequence differentiation at 25 nuclear intronic loci but a clear differentiation at the expression level, corroborating the hypothesis that expression alterations contributed significantly to the initial species divergence. MartinezFernandez et al. (2010) indicated that the divergence between two snail ecotypes was 7%, 4%, and 3% at the proteome, expression, and sequence levels, respectively, supporting the argument that the changes caused by selection were largest at the phenotypic level and smallest at the DNA sequence level (Khaitovich et al. 2004 ). In our case, based on the sequences of ten neutral genes, we detected only 0.87% (D xy = 0.0087) of silent nucleotide divergence between species (supplementary table S2, Supplementary Material online). We repeated this analysis using approximately 4.3 million SNPs (Xu et al. 2012 ) and similarly obtained a low level of nucleotide divergence between species (D xy = 0.0052) (supplementary table S2, Supplementary Material online). These estimates indicated that sequence divergence (<1%) was much lower than expression divergence (~8%) at the genome level. It should be noted that the estimated approximately 8% expression difference is likely conservative or underestimated given only three tissues sampled and the strong tissue-specific nature of differential gene expression (Blekhman et al. 2008; Romero et al. 2012; Yang and Wang 2013) .
Another interesting finding in our study is that the genes differentially expressed between species were widespread randomly across the genome ( fig. 3c ). Previous studies on whitefish species pairs revealed that the genomic regions involved in ecological speciation were nonrandomly distributed across the genome. For example, 50% of expression QTLs identified in brain were associated with 12 hotspots distributed on eight linkage groups ) and 41% of expression QTLs identified in muscle formed six hotspots over four linkage groups . Such "genomic islands" (or hotspots) of expression divergence were considered as one of two general patterns obtained (Pavey et al. 2010; Nosil 2012) . Nevertheless, our finding arising from two Oryza species does not support the existence of "expression hotspots" or islands of expression divergence. Additional genome-wide attempts on more organisms will be worthwhile.
Adaptive Gene Expression Divergence and the Role of Natural Selection
The relative contributions of drift versus natural selection to the phenotypic and genetic differentiation between species have been the focus of evolutionary biology for decades. Despite substantial studies at the level of protein evolution, relatively little is known at the level of gene expression (Fraser 2011; Romero et al. 2012) . Voolstra et al. (2007) indicated that regulatory changes in genes may not be potential targets of selection in the early phase of the speciation process. Several studies have found no direct evidence of positive selection in changes in gene expression between species as well (e.g., Staubach et al. 2010; Wolf, Bayer, et al. 2010 ). On the contrary, a genome-wide survey of two strains of budding yeast (Fraser et al. 2010) indicated that the expression variation of 10-17% of genes was under lineage-specific (positive) selection. In primates, the regulation of 10-30% genes likely evolved under directional (positive) selection (Enard et al. 2002; Gilad, Oshlack, Smyth, et al. 2006; Blekhman et al. 2008; Brawand et al. 2011) , and 63% during amniote evolution in six organs (Brawand et al. 2011) . Studies on domesticated plants also identified many genes that evolved under positive selection to response the effects of artificial selection (breeding). For example, Swanson-Wagner et al. (2012) demonstrated in maize that the 46 genes previously identified as putative targets of selection exhibited altered expression levels. In comparative transcriptomics studies on domesticated and wild plants, Koenig et al. (2013) and Nabholz et al. (2014) identified many genes and regions that showed significant signature of positive selection 
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Here we used two approaches to demonstrate that a high proportion ( 4 60%) of DE genes (~5% of all expressed genes) was likely subject to directional selection during the ecological divergence of the two Oryza species, with the gene numbers ranging roughly from 300 to 600 (table 2) . Importantly, we detected that the DE genes evolved more rapidly at the 5 0 flanking sequences than the non-DE genes, showing a strong signature of recent selection at the 5 0 flanking region. This result is consistent with numerous studies on model fish species, which demonstrated a greater role of changes in regulatory regions relative to protein-coding mutations in the speciation process Whiteley et al. 2008; Jeukens et al. 2010; Jones et al. 2012; Hebert et al. 2013) , supporting the decoupling hypothesis that regulatory evolution and protein sequence evolution act independently (Wagner 2000; Jeukens et al. 2010) . Taken together, our study demonstrates that a significant proportion of expression divergence between species is likely adaptive and can be better explained by noncoding changes than by amino acid modification, implying an important role of regulatory evolution during ecological speciation in plants.
Expression Alteration Underlying Phenotypic Divergence and Implications for the Origin of O. nivara
Relative to its sister species O. rufipogon, O. nivara exhibits many different characteristics, such as annual habit, earlier and continuous flowering, and higher rate of selfing and seed reproduction (Morishima et al. 1984; Grillo et al. 2009; Banaticla-Hilario et al. 2013) . Most of these modifications in O. nivara have been assumed to be associated with an ecological shift from persistently wet to seasonally dry habitats in the area where O. nivara originated (Barbier et al. 1991; Sang and Ge 2007; Zheng and Ge 2010) . During this shift, the phenotypic alterations in O. nivara would promote sexual reproduction and shorter life-cycle and thus help the species adapt to the drier and stressful habitats. This argument is supported by the following findings. First, we found ten phenotypic traits that differed significantly between species and demonstrated that the between-species divergence in almost all ten traits was subject to natural selection, implying that the phenotypic alterations are adaptive. Second, we found that of the ten traits with significant divergence between species, six (anther length, attitude of branches, attitude of main axis, filament type, panicle length, and peduncle length) were related to flowering, pollination and seed setting, whereas the other three (the length, diameter, and habit of culm) were involved in adaptation of O. nivara (shorter, thick, and erect culm) to new habitats, in well agreement with our prediction. Another supporting evidence is the significant difference in flowering time between O. rufipogon and O. nivara, which was assumed to be the primary mechanism of reproductive isolation between the two species (Grillo et al. 2009 ). Although we did not phenotype this character because of the technical difficulty in assessing photoperiod sensitivity, much evidence showed that O. nivara flowered much earlier than O. rufipogon with at least 1-month difference in the peak of flowering time in many areas (Zheng and Ge 2010; BanaticlaHilario et al. 2013) . The photoperiod sensitivity of O. nivara not only allows for earlier flowering but also ensures the synchronization of flowering time, which in turn maximizes fecundity and reproductive success, particularly for annual plants (Weston et al. 2013) .
Our functional annotations indicated that the DE genes were overrepresented for functional terms involving mainly reproduction-and stress-related characteristics, some of which showed a good match with the traits showing significant divergence between species (fig. 1c) . Therefore, the phenotypic divergence between the two Oryza species might be associated with the expression alterations of the underlying genes or gene pathways. This argument is supported by the facts: 1) Many annotated flowering genes, such as the members of the MADS-box and PEBP families, exhibited significantly divergent expression between species and were subject to directional selection; 2) the expression divergence of the genes in tissue F (panicles at the flowering stage) was the highest among the three tissues ( fig. 2a and supplementary  fig. S5 , Supplementary Material online); and 3) the largest numbers of DE genes were found in F ( fig. 3a) . Expression alteration for stress-related genes is also expected, which can promote a population's colonization of and subsequent persistence in new (largely stressful) environments (Pavey et al. 2010; Fraser 2011) .
Ecological speciation is generally associated with two events, that is, newly founded populations persist in the colonized environments and the populations in different environments evolve genetically based reproductive isolation (Pavey et al. 2010; Nosil 2012) . Gene expression affects both the events by promoting population persistence and affecting adaptive genetic divergence in traits causing reproductive isolation (Nosil 2012) . Our study on two Oryza species suggests that rapid morphological and ecological divergences might be associated with substantial alteration of the expression levels of a large number of genes across the genome. Given the facts that gene expression allows for rapid phenotypic change without a long waiting time for new mutations (Nosil 2012) and that adaptive changes in gene regulation have fewer deleterious pleiotropic effects than changes at the protein sequence level (Doebley and Lukens 1998; Stern 2000; Gompel et al. 2005; Carroll 2008 ), the genome-wide alteration in gene regulation is likely a critical step in persistence and adaptation of population and species. Here, we provide a new case of plant species where novel patterns of gene regulation might have played an important role in the formation and local adaptation of new species.
Materials and Methods
Sample Collection and Phenotypic Characterization
In our previous population study, we obtained seeds of 303 accessions across the entire distribution of O. rufipogon and O. nivara from the International Rice Research Institute 72 Guo et al. . doi:10.1093/molbev/msv196 MBE (Los Banos, Philippines) and grew them in the greenhouse of the China National Rice Research Institute (CNRRI) in Hangzhou, China (Zheng 2010) . In the preliminary morphological survey, we were able to evaluate morphological variation of the two species and identify the admixed accessions either between the wild and cultivated rice or between the two wild species (Zheng 2010) . On this basis, we chose to grow 60 accessions (30 each of the two species) in the greenhouse in CNRRI for two consecutive years (2009) (2010) . These accessions were sampled exclusively from South and Southeast Asia where the two species overlap and thus represent the genetic diversity of the two species in these areas. Moreover, these accessions were identified to be typical O. rufipogon and O. nivara that differ in a few diagnostic features such as culm type and length, anther length, panicle structure, and the flowering time (Zheng 2010 ) (supplementary table S1, Supplementary Material online).
Seeds were germinated at 30 C in an incubator, and the young seedlings were transplanted to pots at three-leaf stages and grown using standard greenhouse cultivation with the temperature from 25 to 35 C. All individuals were randomly arranged in the greenhouse and 24 morphological characters (16 qualitative and 8 quantitative) (table 1) were measured based on the methods detailed in Biodiversity-International et al. (2007) . For each character, measurements were taken on three tillers and averaged. ANOVA and 2 test were conducted for the 8 quantitative and 16 qualitative traits, respectively. Phenotypic differentiation between species was assessed by PCA.
Sequencing of Ten Neutral Genes and Tests for Natural Selection for Phenotypic Divergence between Species
To evaluate neutral genetic structure in comparison with phenotypic variation, we sequenced fragments of 10 singlecopy nuclear genes for all 60 samples. The sequenced fragments are located on nine different chromosomes of rice and were proven to evolve neutrally by previous studies (Zhu et al. 2007; Zheng and Ge 2010) . Information on the sequenced regions of all loci and the primers used for amplification is provided in supplementary table S9, Supplementary Material online. Genomic DNA extraction, PCR amplification, and sequencing of the ten genes followed procedures used in our previous studies (Zhu et al. 2007; Zheng and Ge 2010) . Based on sequences (silent sites) of the ten genes, we measured genetic differentiation between species by F ST (the proportion of genetic diversity due to allele frequency differences among populations/species), implemented in Arlequin 3.01 program (Excoffier et al. 1992 ) and PCA, implemented in DARwin program (Andersen et al. 2005) .
Q ST , an analog of F ST , is a quantitative genetic parameter that measures the amount of genetic variance among populations relative to the total genetic variance in quantitative traits instead of genetic loci (McKay and Latta 2002; Leinonen et al. 2013) . Q ST -F ST comparison is an important means for testing whether natural selection or genetic drift is the main cause of population differentiation in morphological traits and has been widely used to infer the degree of both local adaptation and adaptive divergence between populations/ species (Meril€ a and Crnokrak 2001; McKay and Latta 2002; Nakazato et al. 2008; Leinonen et al. 2013) . We used Q ST -F ST comparison to test the hypothesis that phenotypic differentiation between species is driven by natural selection (McKay and Latta 2002; Leinonen et al. 2013) . Q ST was estimated following the method proposed by Spitze (1993) . The components of variance between (V B ) and within (V W ) species for each quantitative trait were obtained by 1,000 bootstrap iterations, with each involving resampling across individuals within species, using nested ANOVA. Thus, Q ST could be calculated following Q ST = V B /(V B + 2V W ), and the distribution of Q ST obtained from the 1,000 bootstrap iterations was used to evaluate the significance of difference between Q ST and F ST . If Q ST value significantly exceeds F ST , a hypothesis of natural selection driving species divergence is supported, whereas a neutral genetic differentiation between species is assumed if Q ST does not differ significantly from F ST (McKay and Latta 2002; Leinonen et al. 2013 ).
Sampling and Sequencing of the DGE and RNA-Seq Libraries
Out of the 60 accessions, we selected 12 typical individuals (six of each species) based on the phenotypic characterization for investigation of genome-wide expression. We chose to collect three types of tissues, that is, flag leaves at the heading stage (2-7 cm above the primary branch) (L), panicles at the heading stage (H) and panicles at the flowering stage (10-15 cm above the primary branch) (F), because these two stages are involved in the formation of various divergent traits of the two Oryza species such as heading date (flowering time), photoperiod, flower development, and mating system (Grillo et al. 2009 ). Sample collection was repeated twice in two consecutive years (2009 and 2010) under the same controlled conditions, with each type of tissues collected from six individuals of each species as biological replicates.
A total of 36 samples were sequenced by DGE technology. Total RNA from each sample was isolated with TRIzol (Invitrogen) following the manufacturer's instructions and then treated with RNase-free DNase I for 30 min at 37 C (New England BioLabs) to remove residual DNA. The mRNAs were separately isolated with oligo(dT) ligated beads and reverse transcribed into double-stranded cDNA. The cDNAs were digested by the restriction enzymes NlaIII and MmeI. After ligation with sequencing adapters, the molecules were amplified by PCR and sequenced on the Illumina GA platform.
DGE technology uses a 3 0 -targeted sequencing strategy to generate a single 21-base signature tag from the 3 0 -end of a given transcript and would, in theory, lead to a greater depth of sequencing per transcript and an enhanced capacity for rare transcript detection (Morrissy et al. 2009 ). Furthermore, because the DGE protocol is strand-specific, it helps to demarcate the exact boundaries of adjacent genes transcribed on opposite strands, accurately determine the true expression levels, and identify antisense transcripts (Levin et al. 2010 ).
However, the relatively short length and nonrandom generation of tags may affect the measurement of transcript abundance. To overcome these potential problems, we sequenced six samples representing three tissues from each of two individuals (one individual per species) by paired-end RNA-Seq technology (supplementary table S1, Supplementary Material online) to help assess and control the factors influencing the DE analyses. To build the RNA-Seq library, beads with oligo(dT) were used to isolate poly(A) mRNA. First-strand cDNA was synthesized using random hexamer primers and reverse transcriptase (Invitrogen). The second-strand cDNA was synthesized using RNaseH (Invitrogen) and DNA polymerase I (New England BioLabs). The paired-end cDNA libraries with insert sizes of approximately 200 bp were then prepared according to Illumina's protocols and sequenced for 75 bp on the Illumina GA platform.
Mapping Short Reads and Identifying Differentially Expressed Genes
We used the genome of japonica rice (Nipponbare) as the reference for short-read mapping. The japonica genome sequence and the cDNA sequences of its annotated gene models were downloaded from MSU rice database (build V6.1, http://rice.plantbiology.msu.edu/). After removing tags containing sequencing adapters and reads of low quality (reads containing Ns), we used BWA (Li and Durbin 2009) to separately map DGE tags to the japonica genome and the cDNA sequences of its annotated gene models (only the longest isoform was retained). We allowed an edit distance of two to account for sequencing errors or polymorphisms between wild and cultivated rice.
Only DGE tags mapped uniquely in the reference genome or its gene models were used to compute gene expression values. The tag mapping on gene models was used to retrieve the tags located on exon boundaries. Because most available gene models, even for well-studied model species, are annotated incompletely, especially for untranslated regions (UTRs) (Palmieri et al. 2012) , we re-annotated the existing rice gene models based on RNA-Seq reads using the PASA annotation update pipeline (Rhind et al. 2011) . Given that the 3 0 -UTR was found to extend to 265 bp on average, we extended the expressed regions of existing gene structures to 300 bp for both upstream 5 0 -UTRs and downstream 3 0 -UTRs and obtained 3,600 additional genes showing clear evidence of expression.
The gene expression level was measured as cumulative counts of all consensus tag mapping on sense strands to a given gene model, and then normalized to TMP (number of transcripts per million tags) (Morrissy et al. 2009 ). For RNASeq data, we used BWA for mapping to the annotated cDNA sequences and then summed the number of reads for each gene model and applied RPKM (reads per kilobase per million) to normalize gene expression levels (Mortazavi et al. 2008) . We defined a gene as an effectively expressed gene if more than or equal to 2 of the 12 samples had at least 20 mapped reads for each tissue.
We adopted the R package edgeR, which uses empirical Bayesian analysis to improve the statistical power of small samples (Robinson et al. 2010) , to detect differentially expressed genes between the two species. The edgeR provides the GLM to take major sources of variation into account by fitting a GLM with a design matrix. The expression variation among individuals may have been derived from several sources, including species divergence, batch of collections or sequencing (first and second years), origin places of the collected samples (South Asia including India and Nepal and Southeast Asia including Thailand and Myanmar), and random factor. For the observation of a species difference, the other three factors were here considered as background effects.
The null and full additive linear models were constructed, respectively, to fit the data.
where Y is gene expression value; X T , X P , and X S are discrete dummy variables to represent the collection batches, the origin places, and the species (O. nivara and O. rufipogon), respectively; and " is random error. Dispersion was estimated based on the common dispersion method. Then, a likelihood ratio test for comparing two models was used to assess the evidence for DE produced by species divergence. For each gene, a P value and a log2-fold change of expression between species were obtained. For correcting multiple tests, we adopted the q value method (Storey et al. 2004 ) to control the FDR. We set q value < 0.05 (FDR < 0.05) as the significance threshold for detecting differentially expressed genes. This analysis was performed independently for each tissue.
Identifying Expressed Genes likely Evolving under Directional Selection Based on Gene Expression Pattern
We used ranking-based method to identify genes that are likely evolving under natural selection following the rationale proposed by Gilad, Oshlack, Smyth, et al. (2006) and Blekhman et al. (2008) , that is, genes with both low intraand interspecies expression variation should be under stabilizing selection, whereas genes with low intraspecies variation but high interspecies divergence should be under directional selection (Romero et al. 2012) . We determined the threshold for genes with low between-individual variance within species, as described by Blekhman et al. (2008) . For each gene, the between-individual variance was estimated by a linear-mixed model with accounting for batch, origin and species effects as random factors using R package 1me4. We first generated a distribution of ranked between-individual variances (supplementary fig. S8, Supplementary Material online) . According to the distribution, we fitted two straight lines to two linear parts of the distribution, in which the first linear part was modeled using the top 1% genes, and the latter linear part using the bottom 80% genes. Then, we set their intersection point as the cutoff for low between-individual variance. For simplicity, the significantly differentially expressed genes (FDR < 0.05) were directly used as genes with high between-species variance. Finally, according to the above definitions, we were able to obtain the genes whose expression evolved under either stabilizing selection (with low betweenindividual variance within species and without significant differentiation between species [non-DE genes]) or directional selection (with low between-individual variance in either species but significant between-species divergence [DE genes]).
Although the ranking-based method is simple and straightforward, the identification of the genes likely under directional selection is relatively arbitrary. To improve the statistical power, we calculated the SI proposed by Warnefors and Eyre-Walker (2012) . The SI is an extension of the widely used McDonald-Kreitman test, in which the within-species variances (V w ) and between-species variances (V b ) of gene expression are compared with within-species polymorphism () and between-species divergence (D xy ) of neutrally evolving sequences. The SI is estimated as log 2 (V b / V w (D xy À )). A positive SI value indicates directional selection, whereas a negative value suggests stabilizing selection. When the SI value is positive, an e value, the proportion of adaptive gene expression evolution in a given gene set can be estimated as 1 À V w (D xy À )/(V b ). Thus, we calculated SIs for all expressed and DE genes, in which the average V b , V w , , and D xy across genes were used in the formula. V b and V w were estimated using a linear-mixed model with batch, origin and species factors as random effects, and and D xy were estimated based on the intron sequences using the resequencing data (Xu et al. 2012) , calculated by Perl scripts developed in-house. To better get purely neutral sequences, we removed the first introns, the introns overlapped with exons, and the intron sequences within 50 bp of a splice junction, because theses sequences might be under selection.
Testing for Directional Selection on Regulatory Regions Based on Resequencing Data
We used our published resequencing data on the two species (Xu et al. 2012) to calculate the polymorphism and divergence across the genome and to test for directional selection in different regions of the genes. Of the 25 individuals of the two species that were sequenced at 2-10 coverage, we chose to use the SNP data from eight O. rufipogon and seven O. nivara individuals because these individuals were collected from areas similar to those used in this study. Thus, we obtained approximately 4.34 million SNPs and used them for the following analyses.
Following the method of Holloway et al. (2007) , we used the resequencing data to detect signature of recent directional selection for three features of genes (5 0 flanking, coding [silent sites], and 3 0 flanking regions). We defined the 5 0 and 3 0 flanking regions as 1,500 bp upstream and downstream of the annotated cDNA sequences. The signature of recent directional selection was detected based on the distribution of the ratios of polymorphism within species () to between-species divergence (D xy ). Regions with small and large D xy are likely under directional selection, with the extreme case that equals to zero and D xy is large. We considered the regions in the lowest 5% tail of the polymorphism/divergence ratio (/D xy ) distribution as having a signature of recent directional selection (Holloway et al. 2007 ). Moreover, we carried out permutation tests for each region to assess the significance of the observed /D xy . Briefly, for each region we exhaustively calculated the /D xy values for all possible combinations of dividing 15 samples into 2 groups of sizes 8 and 7, retaining the empirical sample sizes at each region. The permutation P value is the proportion of times in which the permuted /D xy is less than the observed value among all the permutation results. Consequently, we defined that a region is likely under directional selection when its /D xy falls in the lowest 5% tail and its permutation P value < 0.001.
We further used the one-tailed Fisher's exact test to determine whether the genes with signature of recent directional selection in the 5 0 flanking, coding, and 3 0 flanking regions were overrepresented in the DE genes compared with non-DE genes (background). In addition, a resampling test was performed to confirm that, of the DE genes, the proportion of genes whose regions were under selection is statistically significant (or not randomly generated). We randomly drew a subset of expressed genes with the same size to the DE gene and calculated the proportion of the genes with selection signature. This procedure was repeated 10,000 times to get the empirical distribution. The resampling P value was calculated as the proportion of times that the proportion of the genes with selection signatures in the resampling set is greater than the observed proportion in DE genes.
Principal Variance Component Analysis of Expression Variation
To evaluate the contributions of different factors to expression variation, we conducted a principal variance component analysis of expression variation using an R script (http://www.niehs. nih.gov/research/resources/software/biostatistics/pvca/). The approach can be used as a screening tool to evaluate which sources of variability are most prominent in a given experiment (Idaghdour et al. 2010) , by integrating two very popular data analysis methods: PCA and variance component analysis. First, the principal components of expression were modeled as a function of various effects, and the first several principal components were selected. Then, for each principal component, a linear-mixed model was used to partition variance components into different combinations of the factors and their pairwise combinations. Here, batch, origin, and species effects and their interactions were considered. Finally, the eigenvalueweighted averages of the variance components obtained from each model were computed and normalized to be the proportion of total variance as the estimates of the impact of given sources of variability.
GO Enrichment Analysis and qRT-PCR Analyses
We used GO Slim annotations (Reference Genome Group of the Gene Ontology Consortium 2009) of rice (downloaded from http://rice.plantbiology.msu.edu/) to explore whether 75 Expression Variation in Ecological Speciation . doi:10.1093/molbev/msv196 MBE any particular biological process from a given set of genes was represented by a significantly larger number of genes than expected by chance. All expressed genes were used as background. GO terms that were more common than expected by chance (P value < 0.05) were identified using TopGO with Fisher's classical exact test (Alexa et al. 2006 ).
We performed qRT-PCR to verify the expression divergence identified with the DGE platform for 20 genes with important functions. Information on the 20 genes and the primers for PCR analysis are provided in supplementary table S4, Supplementary Material online. Total RNA was extracted using the SV Total RNA Isolation System (Promega Corp., Madison, WI). The cDNA was synthesized according to the Revert Aid First Strand cDNA Synthesis Kit (Fermentas, Burlington, Canada). Quantitative RT-PCR was performed with the Stratagene Mx3000P QPCR system (Stratagene, La Jolla, CA). The PCR mixture contained 10 ml of 2Â SYBR Premix Ex Taq (TaKaRa, Shiga, Japan), 0.4 ml of each primer, 0.4 ml of ROX Reference Dye II, and 1 ml of diluted cDNA in a final volume of 20 ml. The rice ubiquitin gene was used as the internal control (Bian et al. 2011) . PCR programs are as follows: 95 C for 30 s, then 40 cycles of 95 C for 5 s and 60 C for 40 s. Three individuals (biological replicates) of each species sampled in Laos (see supplementary table S1, Supplementary Material online) and three technical replicates for each biological replicate were used for the real-time PCR analysis. The delta-delta Ct method (Pfaffl 2001 ) was used to evaluate quantitative variation among replicates.
Data Accessibility
The sequences of ten nuclear genes (accession numbers KF860047-KF860124) and the DGE and RNA-Seq data (accession number GSE71044) reported in this article have been deposited in the GenBank database.
Supplementary Material
Supplementary tables S1-S9, and figures S1-S8 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
